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Abstract. Measurements using the 2-D video disdrometer
(2DVD)takenduringaheavyrainfalleventinHuntsville, Al-
abama, are analysed. The 2DVD images were processed to
derive the rain microstructure parameters for each individual
drop, whichinturnwereusedasinputtotheT-matrixmethod
to compute the forward and back scatter amplitudes of each
drop at C-band. The polarimetric radar variables were then
calculated from the individual drop contribution over a ﬁnite
time period, e.g., 1 min. The calculated co-polar reﬂectiv-
ity, differential reﬂectivity, speciﬁc differential propagation
phase and the co-polar correlation coefﬁcient were compared
with measurements from a C-band polarimetric radar located
15km away. An attenuation-correction method based on the
speciﬁc differential propagation phase was applied to the co-
polar and differential reﬂectivity data from the C-band radar,
after ensuring accurate radar calibration. Time series com-
parisons of the parameters derived from the 2DVD and C-
band radar data show very good agreement for all four quan-
tities, the agreement being sometimes better than the com-
putations using the 1-min drop size distribution and bulk as-
sumptions on rain microstructure (such as mean shapes and
model-based assumptions for drop orientation). The agree-
ment is particularly improved in the case of co-polar cor-
relation coefﬁcient since this parameter is very sensitive to
variation of shapes as well as orientation angles. The cal-
culations mark the ﬁrst attempt at utilizing experimentally
derived “drop- by-drop” rain microstructure information to
compute the radar polarimetric parameters and to demon-
strate the value of utilizing the 2-D video disdrometer for
studying rain microstructure under various precipitation con-
ditions. Histograms of drop orientation angles as well as the
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most probable drop shapes and the corresponding variations
were also derived and compared with prior results from the
80m fall “artiﬁcial rain” experiment.
1 Introduction
Polarimetric radar variables such as co-polar reﬂectivity
(Zh), differentialreﬂectivity(Zdr), speciﬁcdifferentialprop-
agation phase (Kdp) and co-polar correlation coefﬁcient
(ρhv) all depend fundamentally on the microstructure of hy-
drometeors within the radar pulse volume (see, for example,
Bringi and Chandrasekar, 2001). For rain-ﬁlled media, the
microstructure can be deﬁned in terms of, (a) drop size dis-
tribution (DSD), (b) drop shape distribution, (c) drop orien-
tations and, (d) fall velocities. It has been shown recently
that the 2-D video disdrometer (2DVD) is capable of mea-
suring all four quantities on an individual drop-by-drop ba-
sis (see Sch¨ onhuber et al., 2008). In this paper, we present
suchdatatakenduringseveralrainevents1 inAlabama, USA,
and compare the calculations made using these drop-by-drop
datawithC-banddual-polarimetricradarmeasurements. The
radar used for this study is located in Huntsville, Alabama,
15km from the 2DVD location.
2 Deriving drop orientation and shape
Sch¨ onhuber et al. (2008) have described the procedure for
deriving drop shapes and drop orientation angles from the
2DVD images of individual hydrometeors. Moreover, Thurai
et al. (2007) and Huang et al. (2008) have derived shape dis-
tributions and orientation angles (respectively) of drops from
1Under light-to-moderate wind speed conditions
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Fig. 1: Drop shapes in terms of probability for (a) Deq  in the range 4-4.25 mm (left) and (b) 5-
5.25  mm (right), from several rain events in Alabama. The black line represents the ‘most 
probable’ shape fitted using 2DVD data from the 80 m fall 'artificial' rain experiment from 
Thurai et al. (2007). Note, the right hand plot shows for the first time the shape probability for 
the 5 mm drops, derived from 2DVD images of nearly 250 drops in natural rain. 
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Fig. 1. Drop shapes in terms of probability for (a) Deq in the
range 4–4.25mm (left) and (b) 5–5.25mm (right), from several rain
events in Alabama. The black line represents the “most probable”
shape ﬁtted using 2DVD data from the 80m fall “artiﬁcial” rain ex-
periment from Thurai et al. (2007). Note, the right hand plot shows
for the ﬁrst time the shape probability for the 5mm drops, derived
from 2DVD images of nearly 250 drops in natural rain.
an artiﬁcial rain experiment conducted under calm condi-
tions where the drops were allowed to fall a distance of 80m.
Analysis of over 115000 drops showed that the mean drop
shapes could be ﬁtted to a smoothed conical equation based
on the equi-volumetric diameter, Deq. Figure 1 shows the
drop shapes derived from several rain events in Alabama and
compares them with the ﬁtted conical equation from the arti-
ﬁcial rain experiment for Deq in the interval, (a) 4–4.25mm
and (b) 5–5.25mm. The colour scale in Fig. 1 represents the
probability values and the ﬁnite width of the contour plots is
indicative of the shape variations (due to, for example, drop
oscillations). For the 5mm case in Fig. 1b, there was sufﬁ-
cient number of drops (∼250) to derive the probable shape.
Note that the ﬁtted equation from the artiﬁcial rain experi-
ment ﬁts the Alabama data well, for both the 4mm and the
5mm drops. Smaller drop diameters (not presented here)
also showed similar good agreement.
3 Analysis of one rain event
We now consider a single rain event in Alabama. The
recorded 1minute DSD is shown as time series in Fig. 2a and
the rainfall rate estimated from the DSD is shown in Fig. 2b.
This event was chosen because of its wide range in the DSD,
with signiﬁcant numbers of large drops during certain time
periods and because of the large variation in the rainfall rates
ranging from a few mmh−1 to nearly 90mmh−1. In gen-
eral, high rain rates are associated with a signiﬁcant number
of larger drops, for example, at the beginning of the event,
drops in the 5–6mm range are evident, and this corresponds
to rainfall rates of over 60mmh−1.
The 2DVD images of each of the individual hydrometeors
were processed to derive their shape, size and orientation,
using the image de-skewing procedure described in Huang
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Fig. 2 (a) DSD time series of concentration (in mm
-1 m
-3) as color intensity plot (log scale). 
The ‘solid triangle' marks depict the mass-weighted mean diameter (Dm) while the 'star' marks 
depict the standard deviation or width of the mass spectrum (σM). (b) shows the rainfall rate 
(bottom panel) for the 25 August 2007 event, examined here in detail. This event was chosen 
because of the large range of rainfall rates.  
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Fig. 2. (a) DSD time series of concentration (in mm−1 m−3) as
colorintensityplot(logscale). The“solidtriangle”marksdepictthe
mass-weighted mean diameter (Dm) while the “star” marks depict
the standard deviation or width of the mass spectrum (σM). (b)
shows the rainfall rate (bottom panel) for the 25 August 2007 event,
examined here in detail. This event was chosen because of the large
range of rainfall rates.
et al. (2008). Figure 3a shows the combined distribution of
the two canting angles derived from the two cameras. The
distribution is symmetric with a near-zero skewness, and has
a mean close to 0 deg. Its standard deviation is nearly 13 deg,
which is larger than the 7.5 deg derived for the artiﬁcial rain
experiment (conducted during low-wind wind conditions, as
mentioned earlier).
When utilizing the T-matrix method for deriving the com-
plex scattering amplitude of each hydrometeor, it is often
conventional to deﬁne the orientation in terms of the po-
lar (or zenith) angle and its local azimuth. Figure 3b and
c show these two respective distributions corresponding to
Fig. 3a. The same notation as Huang et al. (2008) is used
here. As with the artiﬁcial rain experiment results, the zenith
angle histogram corresponds to an expected Fisher distribu-
tion (Mardia, 1972), and the azimuth angle shows a near-
uniform distribution from 0 to 360◦. Note that the Fisher dis-
tribution is relevant to describing the statisitics of the orien-
tation of the drop symmetry axis on a spherical surface (e.g.,
see Chapter 2 of Bringi and Chandrasekar, 2001). These his-
tograms, together with the shape variations in Fig. 1a and b,
imply that the orientation, size and shape of individual drops
are being determined accurately by the 2DVD.
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Fig. 3: (a) top panel, shows the canting angle distributions derived from individual drop 
images from both cameras (D > 1.5 mm) using the de-skewing procedure (as described in 
Huang et al 2008) for the event on 25 August 2008, (b) the middle and (c) the lower panels 
show the corresponding zenith angle and the azimuth angle distributions, respectively. Note 
the azimuth angle shows a near-uniform distribution and the zenith angle shows the shape 
expected from a Fisher distribution. 
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Fig. 3. (a) top panel, shows the canting angle distributions derived
from individual drop images from both cameras (D>1.5mm) using
the de-skewing procedure (as described in Huang et al 2008) for the
event on 25 August 2008, (b) the middle and (c) the lower panels
show the corresponding zenith angle and the azimuth angle distri-
butions, respectively. Note the azimuth angle shows a near-uniform
distribution and the zenith angle shows the shape expected from a
Fisher distribution.
4 Calculations of polarimetric radar variables
Based on the individual drop information, the 2×2 complex
scattering matrix was derived using the T-matrix calculation
procedure. The complex scattering amplitudes, in turn, were
used to compute the four radar parameters, Zh, Zdr, Kdp
and ρhv over a ﬁnite time period (1 min). Figure 4a, b, c
and d show these (blue solid lines) as time series of the four
radar quantities. Note that over each 1 min interval the to-
tal number of drops will vary, usually with rain rate. The
1-min averaging interval is a compromise between the larger
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Fig. 4:  Time series comparisons of (a) Zh (top panel), (b) Zdr (second panel), (c) Kdp (third 
panel) and (d) ρhv (last panel) for the 25 August 2007 event. In all cases, the blue line 
represents the calculations utilizing the individual drop information and the green line uses 
the 1-minute integrated DSDs with bulk assumptions regarding drop shapes and orientations. 
The red dots show the C-band radar measurements (located 14.5 km away) extracted from 
operational PPI scans and, with weighted 9-point average over the 2DVD site. 
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Fig. 4. Time series comparisons of (a) Zh (top panel), (b) Zdr
(second panel), (c) Kdp (third panel) and (d) ρhv (last panel) for
the 25 August 2007 event. In all cases, the blue line represents
the calculations utilizing the individual drop information and the
green line uses the 1-min integrated DSDs with bulk assumptions
regarding drop shapes and orientations. The red dots show the C-
band radar measurements (located 14.5km away) extracted from
operational PPI scans and, with weighted 9-point average over the
2DVD site.
sampling errors in the radar estimates if the averaging period
is too small (∼tens of seconds) and the drop sorting errors
if the averaging period is too large (>3 min). The latter has
beendiscussedbyLeeandZawadzki(2005)whiletheformer
has been estimated for 2DVD by Schuur et al. (2001). The
sampling errors in Zh, Zdr and Kdp for 1-min averaging of
the 2DVD have been estimated to be around 1dB, 0.25dB,
and 0.1deg/km, respectively, which are reasonably consis-
tent with the ﬂuctuations in Fig. 4, yet the physical trends are
readily discernible.
The “noisiness” of Zdr and ρhv is due to both sampling
errors as well as the physical sensitivity of these two quanti-
ties to the rain microstructure variations. Over-plotted as red
dotted lines are the calculations using 1 min averaged DSDs
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Fig. 5:  Rainrate (top) and rain accumulation (bottom) comparisons between 2DVD data 
based estimates and those retrieved from the C-band polarimetric radar data. 
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Fig. 5. Rainrate (top) and rain accumulation (bottom) comparisons
between 2DVD data based estimates and those retrieved from the
C-band polarimetric radar data.
and bulk assumptions regarding the shape and orientation of
drops, namely that each drop has the “most probable” shape
depending on its Deq and that the drops have a symmetric
canting angle distribution with zero mean and standard de-
viation of 7.5◦. Whilst the reﬂectivity curves do not show
much difference between the two cases, there are differences
for the polarimetric radar parameters, as follows:
(a) the Zdr and Kdp show signiﬁcant differences at the be-
ginning of the event
(b) ρhv shows differences throughout the event, with
the drop-by-drop method giving noticeably lower and
“noisier” values, except at the beginning of the event.
Note also that Zh is not signiﬁcantly different between the
two methods, as would be expected since Zh is relatively in-
sensitive to axis ratio nor canting angle distributions. For
Rayleigh scattering, most of the increase in Zdr is actually
due to a decrease in Zv, with Zh being approximately con-
stant.
We now compare these calculations with actual C-band
radar measurements.
5 Comparison with C-band measurements
The C-band polarimetric radar (ARMOR, see Petersen et al.,
2007) used here for comparisons is an operational radar lo-
cated 14.5km from the 2DVD site. The antenna beamwidth
is 1◦ and the range resolution is 250m. The C-band data
were corrected for co-polar and differential attenuation using
Kdp-based algorithms, similar to the procedure described in
Bringi et al. (2006), and the corrected Zh and Zdr as well as
Kdp and ρhv were extracted at and around the 2DVD location
(weighted 9-point average over three consecutive range gates
and 3 azimuths centred around the 2DVD site). The areal
averaging is over approximately 750×400m. Determining
an optimal area for radar averaging is very difﬁcult since it
depends on the spatial correlation structure of the particular
variable such as Z or R. Bolen et al. (1998) have given a
radar-gage based method of determining the optimal averag-
ing cell. They found the decorrelation (1/e) distances of ap-
proximately 0.8–1km for the events they analyzed. Thus our
use of an averaging “cell” of 750m in range and 3 azimuths
is not unreasonable.
The averaged values extracted from the operational PPI
sweeps, taken every 5 min, are included as red dots in Fig. 4.
Clearly the agreement in the polarimetric parameters is much
better with the drop-by-drop based calculations, particularly
during the ﬁrst hour of the event (see Appendix A for ex-
planation), and demonstrates the importance of the rain mi-
crostructure parameters for calculating the radar parameters
(and vice-versa).
In Fig. 5 we compare (a) rainfall rates and, (b) rain ac-
cumulation. The ARMOR-based rainfall rates were derived
from a Kdp-based algorithm {R=22.9K0.769
dp in mm/h for
Kdp>0.01deg/km}. The R−Kdp relationship is based on a
mean ﬁt to the 2DVD data using the scattering calculations
as explained in Sect. 4. The same applies to the Dm−Zdr
given later. The agreement between the two rain rates in
Fig. 5 is good, considering that the 2DVD has an effective
sensor area of 10cm by 10cm whereas the radar samples a
much larger pulse volume (but nearly instantaneous). In ad-
dition, the smoothing of the differential propagation phase
results in poorer spatial resolution of the Kdp especially in
small intense cells with peak R values from the radar being
lower than the 2DVD as evident in Fig. 5. The rain accumu-
lation over the entire event shows very good agreement since
the ‘over/under’ predictions tend to cancel out in the time
integration. More importantly, the two estimates track each
other very closely, both totaling around 46mm of rainfall in
a period of two and a half hours. However such comparisons
need to be made over many events in order to validate the
rain rate algorithm used herein.
Finally in Fig. 6 we compare the histograms of mass-
weighted mean diameter, Dm, derived from a Zdr-based al-
gorithm {Dm=1.7824Z0.394
dr in mm} based on a single PPI
sweep of ARMOR data up to 60km in range, and from the
drop-by-drop 2DVD data. The PPI was taken at 06:06UTC,
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i.e. during the passage of the rain cell over the 2DVD site.
Note that the large number of radar resolution volumes (sev-
eral hundreds) included in the histogram represents a wide
range of D0 values such that a convergent histogram is at-
tained. The resolution volumes selected includes the area
of the convective cell that is similar to that which traversed
across the 2DVD site. This space-time “ergodic” principle,
while being loosely applied here, is reasonable provided the
radar estimates are based on an area of the convective cell
which is not too dissimilar to that sampled at a different time
by the 2DVD. Bringi et al. (2003) have used this idea to great
advantage in arriving at a global statistics of the DSD varia-
tion of mean D0 and mean N0.
Once again, the two histograms lie close to each other,
and, moreover, it is worth noting that the distribution is typi-
cal, on average, for sub-tropical convective rain events exam-
ined herein, that is mode of around 1.3mm and a signiﬁcant
skewness with Dm values extending to more than 2.5mm
for a few percent in both cases. The average DSD charac-
teristics of sub-tropical/tropical rain from a number of loca-
tions around the world is given in Bringi et al. (2003) based
on both disdrometer and radar-based retrievals. The mean
Dm from their sub-tropical/tropical cluster is in the range
1.5–1.7mm (which is close to the mean of the histogram in
Fig. 6). The good agreement between the two histograms in
Fig. 6 is also one way of demonstrating the reliability of the
Zdr-based algorithm to derive Dm on a statistical basis.
6 Conclusions
Drop-by-drop measurements from the 2DVD have been
demonstrated to provide pertinent information on rainfall mi-
crostructure required for deriving the polarimetric radar vari-
ables. When compared with simultaneous C-band radar ob-
servations, the calculations which utilize the microstructure
data give closer agreement than those using bulk assump-
tions. The improvement in ρhv comparisons is particularly
remarkable since assuming a mean shape versus drop diame-
ter(D)relationdoesnotcapturethevarianceofshapeswhich
tends to decorrelate the H and V received signals. We believe
this is the ﬁrst demonstration that drop-by-drop predictions
of ρhv agree well with radar measurements. In the case of
Kdp, the result is more strongly dependent on Dm rather than
on the shape variations about the mean. For Zdr, the drop-
by-drop calculations become more important as the width of
the axis ratio distribution increases with increasing D. In
the case of Zh, the drop-by-drop calculations, as expected,
are not much different from using the bulk assumptions. We
expect that for radars capable of measuring LDR, the drop-
by-drop computations will be more important similar to what
has been observed here with ρhv.
Rainfall rates, rain accumulation and Dm histograms were
retrieved from the C-band PPI scans using a ’tuned’ retrieval
 
Fig. 6: Histogram of Dm from 2DVD for the entire event on 25 August 2007 compared with 
those estimated using a single PPI sweep of the C-band data. They are not only similar to each 
other but agree with the typical distributions expected for such sub-tropical convective rain 
events, with the mode at around 1.3 mm and a significant skewness towards the larger values. 
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Fig. A1: Histograms of axis ratios for the 3.50-3.75 mm drop diameter range using the 2DVD 
data for the 25 August 2007 event in Alabama, prior to (in red) and after (blue) 06:30 UTC. 
Note the histogram after 06:30 UTC is very similar to the axis ratio distributions from the 80 
m fall (artificial) rain experiment, whereas the histogram before 06:30 shows significantly 
higher axis ratios (relatively more spherical shapes) and a wider distribution. 
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Fig. 6. Histogram of Dm from 2DVD for the entire event on 25 Au-
gust 2007 compared with those estimated using a single PPI sweep
of the C-band data. They are not only similar to each other but agree
with the typical distributions expected for such sub-tropical convec-
tive rain events, with the mode at around 1.3mm and a signiﬁcant
skewness towards the larger values.
algorithm. These retrievals were consistent with those de-
rived from the 2DVD.
Since the start of the observation campaign in Alabama,
there have been nearly 50 rain events recorded by the 2DVD
and by the ARMOR radar. Further analyses of these events
will be carried out in order to develop/evaluate retrieval al-
gorithms at C-band, with particular emphasis on high rain-
fall rates. Recent modeling studies (see Beard et al., 2008)
indicate that collision-forced drop oscillations can occur in
intense rain, in which case Zdr and Kdp will be smaller than
the expected values using standard shape models. Such hy-
potheses will be investigated using the Alabama dataset, as
well as the possibility of including ρhv for improved DSD
retrievals for such intense events (as was the case in Thurai
et al., 2008).
Appendix A
Axis ratio distributions
In Fig. 4, we saw that, during the ﬁrst hour of the event, the
Zdr calculated using the drop-by-drop method gave lower es-
timates than those calculated using the 1-min DSDs together
with model based assumptions on drop shapes and orienta-
tions. We also saw that the agreement between the two es-
timates was much closer during the latter half of the event.
The reason for this could be several, but the main cause is
likely to be the “modiﬁed drop shapes” that were observed
from the 2DVD data during the ﬁrst hour of the event. Fig-
ure A1 shows the axis ratio distributions for the 3.5–3.75mm
drops (derived from the ratio of the maximum vertical chord
to the maximum horizontal chord) for two time periods, viz.
www.adv-geosci.net/20/13/2009/ Adv. Geosci., 20, 13–18, 200918 M. Thurai et al.: Rain microstructure retrievals using 2-D video disdrometer
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Fig. A1. Histograms of axis ratios for the 3.50–3.75mm drop di-
ameter range using the 2DVD data for the 25 August 2007 event
in Alabama, prior to (in red) and after (blue) 06:30UTC. Note the
histogram after 06:30 UTC is very similar to the axis ratio distri-
butions from the 80m fall (artiﬁcial) rain experiment, whereas the
histogram before 06:30 shows signiﬁcantly higher axis ratios (rela-
tively more spherical shapes) and a wider distribution.
before and after 06:30 UTC. The latter (i.e. the time period
after 06:30UTC) shows axis ratio distributions which are
very similar to those found in the artiﬁcial rain experiment,
with mean given by the ﬁtted formula (Eq. 2 of Thurai et al.,
2007):
b
a
= 1.065 −
h
6.25 × 10−2  
Deq
i
−
h
3.99 × 10−3

D2
eq
i
+
h
7.66 × 10−4

D3
eq
i
−
h
4.095 × 10−5

D4
eq
i
forDeq≥1.5mm (A1)
which gives 0.815 for this drop diameter interval. This
lies close to the mode of the histogram corresponding to the
second half of the event, but is signiﬁcantly lower than the
histogram mode (∼0.9) during the ﬁrst hour of the event.
The shift in the axis ratio distributions (for T<06:30UTC)
towards the less oblate (“more spherical”) shapes would be
expected to give rise to lower Zdr and Kdp calculated us-
ing the drop-by-drop method. Since the ARMOR data also
shows these lower values, it seems likely that the “more
spherical shapes” do possibly represent mixed-mode oscil-
lations (as in Beard et al., 2008). Such mixed mode oscilla-
tions can be either caused by collisional-forcing of drop os-
cillations and/or some component of spontaneous transverse
oscillations. Note, however, this does not apply to the second
half of the event (for T>06:30UTC).
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